The idea of corporate social responsibility has promoted bus operation agencies to rethink how to provide not only efficient but also environmentally friendly services for residents. A study on the potential of using an optimized design of skip-stop services, one of the essential operational strategies in practice, to reduce emissions is conducted in this paper. The underlying scheduling problem is formulated as a nonlinear programming problem with the primary objective of optimizing the total costs for both passengers and operating agencies, as well as with the secondary objective of minimizing bus emissions. A solution method is developed to solve the problem. A real-world case of Route 16 in Beijing is studied, in which the optimal scheduling strategy that maximizes the cost savings and environmental benefits is determined. The costs and emissions of the proposed scheduling strategy are compared with the optimal scheduling with skip-stop services without considering bus emissions. The results show that the proposed scheduling strategy outperforms the other operating strategy with respect to operational costs and bus emissions. A sensitivity study is then conducted to investigate the impact of the fleet size in operations and passenger demand on the effectiveness of the proposed stop-skipping strategy considering bus emissions.
Introduction
In a modern society, bus operation agencies have been paying more attention to corporate social responsibility in their development. The idea is to provide not only efficient but also environmentally friendly services for residents. Furthermore, the bus transit system is now recognized as one of the largest contributors in reducing emissions from the transportation sector. The government decision-makers in major cities of China have a higher expectation on emission reductions from the bus transit system. Bus companies in China are attempting to implement various measures from the public transit sector to help return residents with more days of clean air, while urban air pollution has increasingly deteriorated due to rapid urbanization and mobilization. Alternative fuel, electric buses, dead mileage reduction, and maintenance enhancement are used to reduce emissions from the bus system. However, the planning and operation of a bus transit system involves more than fuels, vehicles, and maintenance. Can we find potentially more effective ways to reduce emissions substantially via adjusting bus operation scheduling? Are there approaches to decrease bus emissions by configuring bus routes and networks? With these questions in mind, this paper strives to conduct a study on the potential of using an optimized design of skip-stop services, one of the essential operational strategies in practice, to reduce emissions. The objective of this study is to provide optimal frequencies that maximize both the cost savings and environmental benefits for operating agencies based on the estimated passenger Origin and Destination (OD) demand matrixes.
In this paper, a new model for optimal scheduling with skip-stop services is developed to minimize the total costs of passengers and operating agencies, as well as bus emissions. The focus of the model is to determine optimal bus frequency during rush hours. Skip-stop services are predetermined based on smart card data and the choice behavior of passengers for skip-stop services is analyzed. The constraints of load factor and fleet size in operation are considered in the model. A framework of the modified hierarchical method employed with an exhaustive search algorithm is developed and applied to search for the optimal solution. Subsequently, the proposed model is applied in a case study of Beijing and the optimal scheduling strategy is determined by maximizing the benefits of passengers, the operating agency, and the environment. To demonstrate the effectiveness of the developed model and the solution algorithm, the costs and emissions under the optimal scheduling strategy with stop-skipping services considering bus emissions is compared to that without considering bus emissions. The sensitivity of the fleet size in operation and passenger demand is analyzed. Finally, the paper presents concluding remarks of the study.
The main contribution of this paper is the development of an approach to provide the optimal operation strategy of stop-skipping services considering the tradeoff among the benefits of passengers, transit agencies, and the environment, while environmental impacts are usually ignored in most of the optimization design of skip-stop operations. Moreover, a VSP (Vehicle Specific Power)-based approach is used in this paper for emission estimation, in which the emission factors are calculated using real world data collected by the Portable Emission Measurement System (PEMS). This method can be readily applied to the minimization of emissions for a generalized transit route when the second-by-second activity data is available.
Literature Review
Transit service quality could be improved with skip-stop services due to shortened travel time [1, 2] . Among different bus control strategies, stop-skipping is one of the most widely used strategies that can be implemented to decrease the irregularity of the bus service.
In order to enhance the effectiveness of stop-skipping strategies, a considerable amount of studies have been devoted to the optimization model of skip-stop operations in the past three decades. Khoat and Bernard [3] , Milla et al. [4] , Niu [5] , and Chiraphadhanakul et al. [6] developed the optimization model based on the main objective of maximizing passenger welfare. Studies in later years focused on the trade-off between the costs for passengers and transit agencies. For example, Wei et al. [7] proposed a scheduling model to adjust the bus frequency by minimizing passengers' waiting time and maximizing the corporate profit. Leiva et al. [8] , Chen et al. [9] , and Zhang et al. [10] presented an optimization approach in designing skip-stop services that minimized the wait time, in-vehicle travel time, and operator cost given an origin-destination trip matrix. Qu et al. [11] proposed a mathematical model to optimize service, consisting of all-stop and stop-skipping services, by minimizing the total cost of wait, transfer, and in-vehicle travel. Ulusoy et al. [12] , Ulusoy and Chien [13] , and Chien et al. [14] developed the cost-efficient operation model, which optimizes all-stop, short-turn, and express transit service and their frequencies.
There have been a considerable amount of studies on the optimization of skip-stop operations. However, little prior work has considered environmental impacts in the scheduling optimization for bus skip-stop services. Only a few studies have been conducted for the general or specific scheduling problem of bus operations, in which the environmental impacts are considered. Qu et al. [15] developed an approach to evaluate bus emissions with an integrated bus service (i.e., all-stop and stop-skipping). An appropriate operation strategy by adjusting frequencies and vehicle size was offered. Dessouky et al. [16] presented a methodology for the joint optimization of the cost, service, and environment performance in demand-responsive (paratransit or dial-a-ride) transit scheduling. Li and Head [17] studied a bus scheduling problem to minimize operating costs and vehicle emissions under the constraints of a limited budget to purchase new buses and a timetable of bus trips. Gouge et al. [18] used a nonlinear programming model to generate optimal bus assignments, which minimized the health and climate impacts of the emissions from public transportation bus fleets as well as operating costs. Sun [19] developed a framework that optimized bus assignments to routes with the objective of minimizing both operating costs and the environmental impacts of emissions.
The review of the literature reveals that skip-stop scheduling is an important issue, which has been studied extensively using different assumptions and methodologies. The headway or frequency was generally taken as the decision variable. In most cases, the origin-destination distribution along a route was pre-defined in the optimization process. It should be noted that there has been an increasing interest in the consideration of environmental impacts in bus scheduling models in recent years. However, most of the studies about optimal scheduling with skip-stop services only focused on minimizing passenger costs and operational costs. The work described in this paper expands upon the previous research on skip-stop scheduling by incorporating a detailed analysis of passengers' choice behavior and the objective of minimizing the total costs for both passengers and operators, as well as reducing bus emissions, which provides new insights for designing a sustainable skip-stop control strategy.
Methodology
A high-quality bus operations control strategy should provide sufficient transport supply to meet the OD demand. OD demands are essential inputs for a transit scheduling model. This section presents an OD demand estimation with the provided skip-stop service. Further, the scheduling model optimizing the conflicting objectives of users, operators, and environmental agencies is formulated in this section.
OD Demand Estimation
For the stop-skipping control strategy, two types of bus stops are defined in this study. Type A stops only provide all-stop services and AB stops are available for both all-stop services and skip-stop services on the bus route. The passenger demand without skip-stop operations, which can be obtained by smart card data, is used to decide which stops can be skipped in stop-skipping services and estimate the OD demand with skip-stop operations. The choice behavior of passengers along the route with skip-stop services is presented in Figure 1 . minimized the health and climate impacts of the emissions from public transportation bus fleets as well as operating costs. Sun [19] developed a framework that optimized bus assignments to routes with the objective of minimizing both operating costs and the environmental impacts of emissions. The review of the literature reveals that skip-stop scheduling is an important issue, which has been studied extensively using different assumptions and methodologies. The headway or frequency was generally taken as the decision variable. In most cases, the origin-destination distribution along a route was pre-defined in the optimization process. It should be noted that there has been an increasing interest in the consideration of environmental impacts in bus scheduling models in recent years. However, most of the studies about optimal scheduling with skip-stop services only focused on minimizing passenger costs and operational costs. The work described in this paper expands upon the previous research on skip-stop scheduling by incorporating a detailed analysis of passengers' choice behavior and the objective of minimizing the total costs for both passengers and operators, as well as reducing bus emissions, which provides new insights for designing a sustainable skip-stop control strategy.
Methodology
OD Demand Estimation
For the stop-skipping control strategy, two types of bus stops are defined in this study. Type A stops only provide all-stop services and AB stops are available for both all-stop services and skipstop services on the bus route. The passenger demand without skip-stop operations, which can be obtained by smart card data, is used to decide which stops can be skipped in stop-skipping services and estimate the OD demand with skip-stop operations. The choice behavior of passengers along the route with skip-stop services is presented in Figure 1 . As shown in Figure 1 , passengers that choose stop-skipping services are from AB-AB and AB-A passenger flows. Accordingly, the travel choice probability of the AB-AB and AB-A passenger flows can be determined to estimate the OD matrix for skip-stop services and all-stop services. The logit model has been found to fit the analysis of the travel choice probability quite well because it has high accuracy and applicability [20] [21] [22] . The binary logit model is often used to analyze travel choice behavior between two travel options, while the multinomial logit model is applicable to multiple travel options. Therefore, the two models are applied to define the travel choice probability of AB-AB and AB-A passenger flows.
In the binary logit model, the travel choice probability of the AB-AB passenger flow can be expressed as Equations (1)-(4). As shown in Figure 1 , passengers that choose stop-skipping services are from AB-AB and AB-A passenger flows. Accordingly, the travel choice probability of the AB-AB and AB-A passenger flows can be determined to estimate the OD matrix for skip-stop services and all-stop services. The logit model has been found to fit the analysis of the travel choice probability quite well because it has high accuracy and applicability [20] [21] [22] . The binary logit model is often used to analyze travel choice behavior between two travel options, while the multinomial logit model is applicable to multiple travel options. Therefore, the two models are applied to define the travel choice probability of AB-AB and AB-A passenger flows.
In the binary logit model, the travel choice probability of the AB-AB passenger flow can be expressed as Equations (1)- (4) .
(1)
where, P 1n , V 1n , X 1Waittime , and X 1Intime represent the possibility, the fixed term of utility function, the waiting time (min), and the in-vehicle time (min) of passengers for all-stop services, respectively; P 2n , V 2n , X 2Waittime , and X 2Intime are the possibility, the fixed term of utility function, the waiting time (min), and the in-vehicle time (min) of passengers for skip-stop services, respectively; and θ 1 and θ 2 are parameters for the waiting time and in-vehicle time.
In the multinomial logit model, the travel choice probability of the AB-A passenger flow can be formulated by Equations (5)- (10) .
where, P 1n , V 1n , X 1Waittime , X 1Intime , and X 1Cost are the possibility, the fixed term of utility function, the waiting time (min), the in-vehicle time (min), and the travel cost of passengers that choose all-stop services (Yuan), respectively; P 2n , V 2n , X 2Waittime , X 2Intime , and X 2Cost represent the possibility, the fixed term of utility function, the waiting time (min), the in-vehicle time (min), and the travel cost of passengers that choose skip-stop services combined with walking (Yuan), respectively; P 3n , V 3n , X 3Waittime , X 3Intime , and X 3Cost are the possibility, the fixed term of utility function, the waiting time (min), the in-vehicle time (min), and the travel cost of passengers that choose skip-stop services with a transfer to all-stop services (Yuan), respectively; and θ 1 , θ 2 , and θ 3 are parameters for the waiting time, in-vehicle time, and the travel cost.
These two models can be calibrated using the SPSS software based on stated preference survey results [23] , which are shown in Equations (11) and (12) .
Thus, the number of passengers that use the skip-stop services in the AB-AB passenger flow and the AB-A passenger flow (persons), represented by q s AB-AB and q s AB-AB , respectively, can be derived as the following Equations (13) and (14).
where P s and P a describe the probabilities that the stop-skipping bus or the all-stop bus arrives at stop i first, respectively; λ i and λ j are 0-1 decision variables, in which λ i = 0 or λ j = 0 if stop i or j is the A stop for all-stop services, whereas λ i = 1 or λ j = 1 if stop i or j is the AB stop which can provide skip-stop services; and q ij is the number of passengers boarding at the stop i and alighting at stop j in the study period (persons).
Optimal Scheduling Model with Skip-Stop Services Considering Bus Emissions
The optimization of skip-stop scheduling has long been considered as a trade-off between users and operators. In this research, an additional goal of reducing emissions is considered for the optimal scheduling model with skip-stop services. Since the major function for transit agencies is to provide the conveyance of passengers, the minimization of passengers' costs and operational costs is regarded as the primary objective, while the minimization of bus emissions is the secondary objective.
If the two objectives are not separated in this research, weight coefficients of the two objectives should be used. Considering that the weight coefficients of the two objectives are difficult to identify, and the results are easily influenced by weight coefficients that are maybe determined subjectively, the primary and secondary objectives of the model are formulated separately and assigned different priorities. The Pareto solution that achieves the tradeoff between cost reduction and emissions control can be effectively obtained using the proposed solution method in two steps, which may to a certain extent avoid the subjectivity. Moreover, the optimal stop-skipping strategy that minimizes total cost for passengers and transit agencies is directly determined in the first step of solving the proposed model, and no extra calculations are required.
As regards to the cost function, the waiting time costs are the product of hourly demand, unit time value, and average wait time that is calculated as half of the headway in some studies. The waiting time of passengers boarding the next stopping vehicle under oversaturated passenger demand is considered in this paper. In previous studies, in-vehicle time usually includes the running time between stops and the stop delays (such as dwelling time and acceleration or deceleration delays), in which the door closing time is ignored in some previous studies. Moreover, the transfer costs of passengers when they wait for the bus at the transferring AB stop are calculated into the waiting time costs.
Notation and Assumptions
The optimization model in this paper is formulated to optimize the total costs and emissions of all-stop services and skip-stop services. For simplification, it is assumed that (1) all-stop services and skip-stop services use the same vehicle type; (2) the all-stop bus and the skip-stop bus are dispatched alternately with a uniform headway; and (3) passengers arrive at the stop randomly with a uniform distribution within a given time period.
The notations for parameters and variables used in the proposed model are summarized in Table 1 . As before mentioned, two objectives are addressed in this paper, including (a) the primary objective to minimize the weighted sum Z 1 of passengers' costs Z p and operational costs Z o ; (b) the secondary objective to minimize the amount of bus emissions Z 2 . The two objective functions can be derived as shown in Equations (15) and (16) . Considering realistic limitations in bus operations, the constraints on load factor for the all-stop and stop-skipping services, capacity, and fleet size are considered and formulated in Equations (17)- (19) .
In the Equation (15), the costs for all passengers are defined as those from passengers' waiting and in-vehicle time for all-stop services and skip-services. Walking time is not included here, because it is mainly a function of the stop location and cannot be impacted by the operational scheduling [9] . In addition, passengers transferring from a skip-stop service to an all-stop service need to wait for the bus to transfer at the same AB stop without extra transfer walking time. The transfer time is calculated into the waiting time. Consequently, the costs of the primary objective function are divided into waiting-time costs, in-vehicle time costs, and operational costs. A detailed description of each term in the final expression of the primary objective function is as follows.
The first term computes the costs from passengers' waiting time for all-stop services and stop-skipping services. Waiting time costs can be calculated using the unit time value for waiting time at a bus stop. It is assumed that passengers arrive at the bus stop randomly with a uniform distribution. The average waiting time within a given time period is equal to half of the headway when passengers' demand is unsaturated, and one more headway is added under oversaturated passenger demand. The waiting time costs will rise as the passenger demand increases, especially when the demand is oversaturated.
The second term calculates the costs of the in-vehicle time for all-stop services and skip-services. The in-vehicle time includes two components. The first component, the bus running time between adjacent stops, is the sum of (1) the running time at the segment and (2) the deceleration time arriving at the bus stop and the acceleration time departing from the bus stop. The second component, the bus dwelling time, can be obtained from the maximum value of passengers' boarding time and alighting time plus the door closing time. It should be noted that the number of passengers boarding at a stop that offers skip-stop services is the sum of the number of passengers at the bus stop that use the skip-stop services in the four categories of passenger flows (i.e., A-A, A-AB, AB-A, and AB-AB passenger flow). The in-vehicle time costs are the product of the value and the unit time value of in-vehicle time.
For the third term, the operational costs Z o for all-stop services and skip-services consist of the crew wage, vehicle depreciation expense based on the composite life method, and bus fuel cost. For working hours, it is assumed that crew members work 22 days per month and 8 hours a day according to the current practice of bus operations in Beijing. It can be seen from Equation (15) that the more work hours, the lower operating costs. The assumed vehicle service life is that the bus operates 15 hours per day and will be scrapped after 13 years' use with an anticipated net residual value of 0 Yuan based on the standard for compulsory scrapping of motor vehicles in China [24] . The operation costs will reduce if the service life is extended.
In the secondary objective function as shown in Equation (16), the emissions of the main pollutants including nitrogen oxides (NO x ), hydrocarbons (HC), carbonic oxide (CO), and particulate matter (PM) from all buses along a bus route during the studied period are calculated. A VSP-based approach is used in this paper for emission estimation. VSP is a proxy variable for engine load that has been shown to be highly correlated with emissions [25] . The VSP-based approach can provide accurate emission estimations by analyzing a vehicle's second-by-second activity data during an entire bus trip. The effects of bus operation characteristics on the emission have been included in this paper. The procedure to estimate emission factors is summarized below.
Step 1: VSP calculation. VSP is defined as the instantaneous tractive power per unit of vehicle mass, which can be calculated by using Equation (20) .
where v t is the vehicle speed (m/s); and a is the vehicle acceleration (m/s 2 ). The activity data are collected using Global Position Systems (GPS), which are reported on a second-by-second basis. In this analysis, the VSPs are binned in an increment of 1 kW/ton, as shown in Equation (21) .
where n is the VSP bin number.
Step 2: Emission rates calculation. The emission rates are used to calculate the emission of each pollutant under different VSP Bins. The emission rate ER i,k for each VSP Bin can be expressed as Equation (22) .
where EF ik denotes the amount of emissions for pollutant i in the VSP Bin of k (g/s). The real-world vehicle emissions of NO x , HC, CO, and PM from the tailpipe exhaust are collected using the PEMS. N k denotes the total time in the VSP Bin of k (s), which can be obtained from the second-by-second activity data.
Step 3: Emission factors calculation. The emission factors for pollutant i, EF i (g/km), are calculated with Equation (23) .
where D k is the frequency distribution in the VSP Bin of k (%); and v is the average travel speed (m/s).
Solution Method
The proposed model is a nonlinear programming problem, in which the optimal frequencies of skip-stop services and all-stop services are determined for one bus route and the result is required to be an integer. The exhaustive search method is especially suitable for generating solutions in round numbers when optimizing nonlinear problems in the case when the problem scale is relatively small. Hence, an exhaustive search method is used to solve the problem optimally. However, it should be noted that there are two objectives with different priorities in the proposed model, and the dimension of both the primary and secondary objectives is difficult to unify. Moreover, the proposed model of this paper needs to be solved using an application-oriented method that is efficient in searching a compromised optimum. A modified hierarchical method meets the need to quickly convert the multi-objective optimization problem into multiple single-objective optimization problems. By introducing a tolerance coefficient for the secondary objective, a compromised optimum can be obtained in the range that is close to the optimal costs from the primary objective. This compromised optimum has relatively optimal costs with the minimum emissions. Thus, a solution framework is developed with the modified hierarchical method, in which the exhaustive search algorithm is employed to search for the optimal vehicle frequencies for both the all-stop bus and the skip-stop bus. The process of solving the problem can be divided into two steps.
Step 1: Optimization of the primary objective. In Equation (24), all possible sets of vehicle frequencies of an all-stop bus and a skip-stop bus are examined under the constraints (i.e., load factor, capacity, and fleet size) using the exhaustive search method. The optimization process is programmed using the Visual Studio software. Then, the best frequencies (F * a_1 and F * s_1 ) that minimize the primary objective Z 1 and the corresponding minimum cost of passengers and operation agencies can be obtained.
Step 2: Optimization of the secondary objective. As can be seen in Equation (25), the value of Z * 1 obtained from the first step is relaxed by the tolerance coefficient δ. The relaxed value is added into the constraints of the secondary objective function. Then, the exhaustive search method is repeatedly used to search all possible restricted sets of values (F a and F s ) under the constraints listed in Equation (25) . Therefore, the optimal vehicle frequencies of an all-stop bus and a skip-stop bus, in which the emissions are minimum, can be derived. In this step, the optimal solution of the secondary objective is a compromised optimum for the primary objective. Figure 2 illustrates the solution algorithm to search for the Pareto solution that achieves the tradeoff between the primary objective and the secondary objective. The method is to obtain the set of optimal solutions for the most important objective, and then to obtain the set of optimal solutions for the second objective on the basis of the previous set. In this process, the optimal solution with the secondary objective is selected as the deterministic solution of the problem. Figure 2 illustrates the solution algorithm to search for the Pareto solution that achieves the tradeoff between the primary objective and the secondary objective. The method is to obtain the set of optimal solutions for the most important objective, and then to obtain the set of optimal solutions for the second objective on the basis of the previous set. In this process, the optimal solution with the secondary objective is selected as the deterministic solution of the problem.
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Case Study and Results
A Case Study of Route 16 in Beijing
To determine the effectiveness of the developed model and the solution algorithm, the real-world Route 16 in Beijing has been selected for the case study, as shown in Figure 3 . The route is 12.3 km long with a total of 21 stops and equipped with 34 compressed natural gas buses. The stops are numbered sequentially from south to north. The passenger OD is extracted from the smart card data of Route 16 during the evening peak period (from 17:00 to 19:00) in January 2015 and the passenger boardings and alightings at each stop are presented in Figure 4 .
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Case Study and Results
A Case Study of Route 16 in Beijing
To determine the effectiveness of the developed model and the solution algorithm, the realworld Route 16 in Beijing has been selected for the case study, as shown in Figure 3 . The route is 12.3 km long with a total of 21 stops and equipped with 34 compressed natural gas buses. The stops are numbered sequentially from south to north. The passenger OD is extracted from the smart card data of Route 16 during the evening peak period (from 17:00 to 19:00) in January 2015 and the passenger boardings and alightings at each stop are presented in Figure 4 . As shown in Figure 4 , the bus passenger demand along Route 16 varies significantly. A regular service might reduce operation efficiency, since the stops with low demand can be skipped. The stopskipping strategy should be provided for the bus operation. As a key determinant for which stops should be served by skip-stop buses, the ratio between the passenger demand and the average passenger demand at each stop is analyzed, and 1.2 is chosen as the threshold according to the practice of the bus operator in Beijing [9] . The ratio of stops 1, 2, 6, 12, and 15 is higher than a threshold of 1.2. These stops are suitable for skip-stop services. The bus stop location should also be considered. For example, stop 2 and stop 15 are close to two subway stations. Stop 6 is connected to a dense residential area. There are high demands for skip-stop services at these bus stops during peak hour. The terminal bus stop is not allowed to be skipped, so stop 21 needs to be served by skip-stop buses and all-stop buses.
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Consequently, the skip-stop bus should serve at stops 1, 2, 6, 12, 15, and 21. The OD is classified into four types as shown in Figure 5 . Then, passengers' OD estimations for the all-stop bus and the skipstop bus are obtained using the method described in the previous section of OD demand estimation. As shown in Figure 4 , the bus passenger demand along Route 16 varies significantly. A regular service might reduce operation efficiency, since the stops with low demand can be skipped. The stop-skipping strategy should be provided for the bus operation. As a key determinant for which stops should be served by skip-stop buses, the ratio between the passenger demand and the average passenger demand at each stop is analyzed, and 1.2 is chosen as the threshold according to the practice of the bus operator in Beijing [9] . The ratio of stops 1, 2, 6, 12, and 15 is higher than a threshold of 1.2. These stops are suitable for skip-stop services. The bus stop location should also be considered. For example, stop 2 and stop 15 are close to two subway stations. Stop 6 is connected to a dense residential area. There are high demands for skip-stop services at these bus stops during peak hour. The terminal bus stop is not allowed to be skipped, so stop 21 needs to be served by skip-stop buses and all-stop buses.
Consequently, the skip-stop bus should serve at stops 1, 2, 6, 12, 15, and 21. The OD is classified into four types as shown in Figure 5 . Then, passengers' OD estimations for the all-stop bus and the skip-stop bus are obtained using the method described in the previous section of OD demand estimation. As shown in Figure 4 , the bus passenger demand along Route 16 varies significantly. A regular service might reduce operation efficiency, since the stops with low demand can be skipped. The stopskipping strategy should be provided for the bus operation. As a key determinant for which stops should be served by skip-stop buses, the ratio between the passenger demand and the average passenger demand at each stop is analyzed, and 1.2 is chosen as the threshold according to the practice of the bus operator in Beijing [9] . The ratio of stops 1, 2, 6, 12, and 15 is higher than a threshold of 1.2. These stops are suitable for skip-stop services. The bus stop location should also be considered. For example, stop 2 and stop 15 are close to two subway stations. Stop 6 is connected to a dense residential area. There are high demands for skip-stop services at these bus stops during peak hour. The terminal bus stop is not allowed to be skipped, so stop 21 needs to be served by skip-stop buses and all-stop buses.
Consequently, the skip-stop bus should serve at stops 1, 2, 6, 12, 15, and 21. The OD is classified into four types as shown in Figure 5 . Then, passengers' OD estimations for the all-stop bus and the skipstop bus are obtained using the method described in the previous section of OD demand estimation. The load factors are analyzed based on the estimated passenger demand for both all-stop services and skip-stop services to evaluate whether the passenger demand is oversaturated when subjected to a limited number of vehicles. The results show that all load factors are less than the maximum load factor that can be accepted, which is the threshold of being unsaturated or oversaturated. Hence, the waiting time is half of the headway in this case study.
The real-world vehicle emissions of NO x , HC, CO, and PM from the tailpipe exhaust and the simultaneous activity data are collected using the PEMS and the Global Position Systems (GPS), which are reported on a second-by-second basis. Thus, emission factors of the all-stop bus and the skip-stop bus for pollutants NO x , HC, CO, and PM can be obtained based on VSP. The results are presented in Table 2 . With reference to the relevant statistics and the experiences of the public transit operation agency in Beijing [9, [26] [27] [28] , the other input data of the model are collected as shown in Table 3 . 
Results and Analysis
The optimal frequency results and costs for scheduling with stop-skipping services considering bus emissions are obtained using the proposed model and solution method, as shown in Table 4 . In Table 4 , these results are compared with the optimal scheduling with stop-skipping services without considering bus emissions in order to evaluate the effect of controlling emissions. As can be seen, in contrast with the optimization results with stop-skipping services without considering bus emissions, the optimal results considering bus emissions have achieved savings of 6.2% and 6.0% of operational costs and bus emissions, respectively, at the expense of an increase (2.5%) in passenger costs and an increase (1.5%) in total costs. The fleet size in operation, demand levels, and congestion conditions are three important parameters which have impacts on the performance of the scheduling strategy. To determine how the proposed scheduling would perform as a function of the fleet size in operation, the level of passenger demand, and congestion conditions, a sensitivity analysis with respect to these important parameters is performed and the results are analyzed.
(1) Sensitivity of fleet size in operations For the proposed scheduling strategy considering bus emissions, the optimal frequencies, costs, and cost changes under different fleet sizes in operation are analyzed, as shown in Table 5 . It can be observed that the passengers' costs and total costs are gradually decreasing when more buses are allocated to the bus route. Emissions and operational costs are reduced overall with a decrease in the fleet size except for the fleet size of 33, while the existing fleet size represents a modest improvement (0.9% and 0.5%) in terms of emissions and operational costs, respectively, compared with the result when the value of the fleet size in operation is 33. (2) Sensitivity of passenger demand
In this section, the variation of passenger demand is analyzed for five cases: (a) the passenger demand for both all-stop services and skip-stop services decreases by 20%, (b) the passenger demand for both all-stop services and skip-stop services increases by 20%, (c) the passenger demand for both all-stop services and skip-stop services increases by 40%, (d) the passenger demand for all-stop services increases by 40%, and (e) the passenger demand for skip-stop services increases by 40%. Table 6 shows optimal frequencies, costs, and cost changes with respect to passenger demand. The base scenario is designed as the proposed scheduling strategy with the passenger demand. The results have demonstrated that passengers' costs, operational costs, and total costs and emissions increase as total passenger demand for both all-stop services and skip-stop services grow. In the case that the passenger demand for all-stop services or skip-stop services is changed, it can be observed that, when the passenger demand for skip-stop services is increased by 40%, the increase of passengers' costs is 26.7% compared with the base scenario, while passengers' costs increase 16.7% for the case that the passenger demand for all-stop services increases by 40%. This indicates that the growth of the passenger demand for stop-skipping services caused a greater increase in passengers' costs compared with the growth of the passenger demand for all-stop services. For the total costs, the similar result can be seen from Table 6 . Moreover, operational costs and emissions are reduced when the passenger demand for skip-stop services is increased by 40%. Table 6 . Optimal frequencies, costs, and cost changes with respect to passenger demand.
Variation of Passenger Demand
Optimal Frequencies (3) Sensitivity of congestion condition
To determine how the proposed strategy performs when different congestion conditions appear during the peak period, a sensitivity of impacts from congestions analysis was performed. In the proposed model, there are average speeds of the all-stop bus and the skip-stop bus, v a and v s , which can be used to reflect the congestion level. Cases with four congestion levels, including 0.95× base speed, 0.9× base speed, 0.85× base speed, and 0.8× base speed, are analyzed compared with the case with base speed.
The results are presented in Table 7 . As expected, passengers' costs, operational costs, total costs, and emissions are increased as the congestion becomes worse. Comparing the optimal frequencies under different congestion levels, it can be seen that the optimal frequencies remain unchanged when the congestion level is a value between 0.85× base speed and 0.95× base speed, whereas skip-stop services become more essential due to a higher optimal frequency with a congestion level of 0.8× base speed. 
Conclusions
Scheduling plays an important role in the management and operation of bus transit systems. The skip-stop operation represents an effective way of providing both good area coverage and satisfactory operating speed. In this paper, the potential of using the stop-skipping strategy to reduce emissions in with scheduling optimization is analyzed. An optimal scheduling model with skip-stop services is proposed to minimize passenger costs, operational costs, and bus emissions. A solution framework with the modified hierarchical method is developed to solve the model, in which the exhaustive search algorithm is employed. Particularly, a real-world case study of Route 16 in Beijing is presented, and the optimal scheduling strategy, which maximizes the cost savings and environmental benefits, is determined. The results show that, compared with the scheduling strategy with skip-stop services without considering bus emissions, the proposed scheduling strategy taking into account bus emissions has a significant advantage in the reduction of operational costs and bus emissions without much increase in passengers' costs. Furthermore, a sensitivity study is conducted to investigate the impact of the fleet size in operation and the passenger demand on the effectiveness of the proposed stop-skipping strategy considering bus emissions. The sensitivity results indicate that: (1) when taking bus emissions into account, the total costs and passenger costs are reduced with an increase of the fleet size in operation except for the fleet size of 33; (2) passengers' costs, operational costs, total costs, and emissions of the proposed scheduling strategy with skip-stop services increase as the total passenger demand grows; (3) compared with the growth of the passenger demand for all-stop services, the growth of the passenger demand for stop-skipping services causes a greater increase in passengers' costs and the total costs, while the operational costs and emissions are reduced; and (4) passengers' costs, operational costs, total costs, and emissions are increased as the congestion becomes worse, implying that skip-stop buses are especially essential for congested conditions. This paper provides a new perspective to develop an ecological scheduling strategy that aims to improve service quality, lower operating costs, and reduce emissions for public transportation agencies. It should be noted that the skipped stops are predetermined in this study. The proposed model can be further refined to search candidate skipped stops when optimizing the frequencies. The peak hour with large bus frequencies is selected as the study period in the case study due to great needs and potentials for emission control. In the future, optimal scheduling strategies with stop-skipping services at other time periods can be further studied with more collected data. Other different scheduling strategies, such as deadheading and short turning, can be further studied in the future to maximize the potential in emissions reduction of bus operations. Furthermore, to enhance the reliability of the proposed optimization model, stochastic vehicle travel time can be considered in a future study after a large amount of travel-time data from the real world is collected.
